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Abstract—Smart structural control is now emerging as an
alternative to conventional earthquake resistant design and
traditional structural control techniques. Fuzzy logic based
control is one of the promising smart control strategies that
could be used for this function. Magneto Rheological (MR)
dampers are considered one of the promising semi-active
control devices that can be used to control the structural
response of buildings under earthquake excitation. The
properties of MR dampers can be controlled using several
smart techniques such as Fuzzy Logic.

In this paper, a comparative analysis is conducted to inves-
tigate the most optimum location for placing MR dampers,
which are controlled by Fuzzy Logic, in a three-degree-of-
freedom benchmark problem. The study explores three
potential schemes for allocating and operating MR dampers
within the system under consideration. Two main structur-
al response parameters are considered in this study, maxi-
mum displacement and maximum acceleration. In addition,
the study investigates the lowest number of fuzzy-controlled
MR dampers that are required in order to produce the
required structural behaviour. This is an initial step to-
wards the development of a generic allocation algorithm
that is capable of identifying the required number of MR
dampers, and their location, for controlling any multi-
degree-of-freedom system.

Index Terms—Structural Control, Structural Dynamics,
Smart Structures, MR Dampers and Fuzzy Control.

L INTRODUCTION

Traditionally, structures are designed to be able to resist
dynamic loads with enough ductility to ensure the ability
of structures to retain its strength under severe loading
conditions and provide enough warning before failure.
This concept has two main disadvantages as follows [1]:

1-Structures depend on their constant small damping
ability to dissipate the earthquake energy with no well-
defined guidelines to be able to improve the damping
properties of commonly used materials in construction.

2-Structures depend mainly on their stiffness to resist
loads which is an uneconomic solution.

Therefore, researchers were motivated to improve de-
sign methodologies and thus, the behaviour of structures.
This includes the conducted research to propose different
structural control strategies which can be used to reduce
structural response under earthquake excitation. Magneto
rheological (MR) dampers are one of the promising devic-
es that can be used in structural response control; they are
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dampers filled with a smart fluid known as Magneto rheo-
logical (MR) fluid whose properties can be controlled by
varying the applied voltage to the damper [2, 3, 4]. The
calculation of the required voltage can be done by several
control techniques such as fuzzy control [5].

Based on previously conducted research [3, 6, 7, 8], it is
found that few researchers have investigated the use of
fuzzy control for controlling Multi-Degree-of-Freedom
(MDOF) systems using multiple MR dampers. In addi-
tion, this few conducted research studied cases with spe-
cific arrangements of MR dampers that cannot be general-
ized to other structural systems. In this paper, a compara-
tive analysis is conducted to investigate the most optimum
location for placing MR dampers, which are controlled by
Fuzzy Logic, in a three-degree-of-freedom benchmark
problem. The study explores three potential schemes for
allocating and operating MR dampers within the system
under consideration. Two main structural response pa-
rameters are considered in this study, maximum displace-
ment and maximum acceleration. In addition, the study
investigates the lowest number of fuzzy-controlled MR
dampers that are required in order to produce the required
structural behaviour.

II. BENCHMARK PROBLEM AND DAMPERS
CONFIGURATION

A benchmark problem is a standard structural system
that can be used in research conducted by different groups
to facilitate the ability to compare different results of sev-
eral control strategies by excluding other factors affecting
the behaviour such as dimensions, sections and seismic
masses. Structural systems subjected to earthquake excita-
tion can be modelled as follows [9]:

Mii + Cu + Ku = —mii; + Fy. @8
Where:

* M is a 3x3 mass matrix

* Cis a 3x3 damping matrix

* Kis stiffness matrix

* 1iis acceleration vector

* uisrelative velocity vector to the ground

* uisrelative displacement vector to the ground
* i is the ground acceleration.

* F4 is dampers force vector.
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Figure 1 outlines a general configuration of the bench-
mark problem along with the dampers configuration. In
general, the control system works by measuring the struc-
tural response using a group of sensors. This data is then
received by the processor which may include other fuzzy
components in addition to the fuzzy controller. The pro-
cessor calculates the required voltage for each damper;
these dampers will adjust their characteristics to result in a
targeted structural response.

The structural parameters of the used benchmark can be
expressed as follows [10]:

983 0 0
M=| 0 983 0 |kg,
0 0 983
175 =50 0 Tp sec
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0 -50 501 ™
12 —684 0
&K=|-684 137 —684[105N/m
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In order to calculate the force generated by an MR
damper, it is required to use one of the models available in
the literature. The most widely accepted model, used in
civil engineering applications, is based on Bouc-Wen
Model which can be expressed as follows [2, 4]:

R': If xi is A] and x, is 4) then y, is B] and ym is B},

z ==yl = ylzlz|"™t = Bk = P)|z|* + A% - y). ()

y = Coicl (az + co% + ko(x — ). 3)

F=cy+k(x—xp). 4)
Where:

* Kk is the stiffness of the accumulator.
* ¢, is damping at large velocity.
* ¢, is damping at lower velocities.

* X, is the initial displacement representing the accu-
mulator.

* Lk, is the stiffness at larger velocities.
* F is the force generated by the damper

The previous equations have several parameters that
depend on the specific used damper; v, B, A, o, ¢, C
which should be tuned to reflect the damper behaviour. k;,
k, and x, depend on the damper specifications. For the
3000-N MR dampers, which are used in this paper, these
parameters were given by Spencer et al. [2]

The process of controlling MR dampers is meant to de-
termine the voltage required to be applied to the damper,
based on the system response, to change the properties of
the MR fluid to improve the system’s behaviour. The
problem here lies in the fact that the relation between the
electric current applied to the damper and the force gener-
ated by the damper is nonlinear; therefore, it has always
been an important point of research to develop effective
control strategies to calculate the electric current or volt-
age to be able to obtain full usage of MR dampers. The
use of fuzzy logic is one of the promising control tech-
niques that can be used in this regard [11].
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Figure 1. A schematic diagram for the modelled system.

III. Fuzzy CONTROLLER DESIGN

Linguistically, “fuzziness” can be defined to be the op-
posite of “precision”. Fuzziness includes using different
degrees of truth instead of having only two extreme condi-
tions representing the exactly true or exactly false events;
this can help greatly in the intelligent control of robots and
other engineering systems. The concept of fuzzy logic is
to map inputs to outputs through a set of “if-then” rules
that comprises a rule base; this process is known as fuzzy
inference. All of these rules are normally evaluated in
parallel with the order of evaluation being not important.
These rules are described in a linguistic form with inputs
and outputs defined with a range for each one in the form
of a membership function; inputs are known as “anteced-
ents” while outputs are known as “consequents”. The
complexity of the formulation of these rules increases as
the complexity of the system increases; this requires full
understanding of the behaviour of the system and proper
testing of the system to ensure that acceptable results are
obtained (Gomes, 2012). If-then rules take the following
form:

Where: “xi” is an input, “yi” is an output, “A” and “B”
are fuzzy sets.

Fuzzy inference process is one of mapping inputs to the
required outputs using fuzzy logic. This process has pre-
defined procedures as follows (Gomes, 2012):

1-  Fuzzification of Crisp Inputs: this process in-
cludes determining the degree to which each input belongs
to a relevant fuzzy set using membership functions. In this
stage, the crisp (definite) input will be changed to linguis-
tic variable with a specific membership value (0 to 1) for
each available set, which will represent antecedents for if-
then rules, later.

2- Applying Fuzzy Operators to Linguistic In-
put: this is applicable if the rule has more than one input
since it is required to obtain one value for the membership
function to be applied to the output of this rule. “AND”
and “OR” are two of the widely used operators. For the
used fuzzy method in this research, AND is used to take
the smallest membership function value of inputs while
OR is used to take the largest membership function values
of outputs. The obtained value will be applied to the out-
put as will be indicated later.

3-  Implication: it is the process of using the calcu-
lated membership functions of the inputs after applying
the chosen fuzzy operator to be applied to the outputs
(known as consequents). The produced output can be
considered as truncated sets; the truncation value is based
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on the value of the membership function after the applica-
tion of the operators.

4-  Aggregation: it is the process of combining the
outputs of the fired rules together, which are the rules with
the problem inputs belonging to their input sets, to get
only one output represented by only one fuzzy set.

5-  Defuzzification: it is the process of getting a
crisp (definite) value using the fuzzy set resulting from the
aggregation process. The most popular method is the
centroid method where the crisp value is considered to be
the centre of area of the fuzzy set.

The proposed design is based on allocating a separate
fuzzy controller for each damper used in the system. In
order to incorporate the interaction between consecutive
floors, relative responses between floors are used as inputs
for each controller. For example, to control the damper
placed between the second and third levels, the relative
displacement and velocity of these floors, with respect to
each other, are used as inputs to its controller; the same
applies for the other two dampers, as indicated schemati-
cally in figure 1. Figure 2 shows the proposed rule base of
one of these controllers.

IV. MR DAMPERS’ LOCATION OPTIMIZATION SCHEMES

It is now required to optimize the location of MR
dampers such that each of the placed MR dampers is con-
trolled using the previous proposed fuzzy controller; all
different possible combinations of damper locations are
investigated. Table I shows all possible placement patterns
of MR dampers to be studied in order to find the most
optimum arrangement. A placement pattern code is as-
signed for each trial such that it includes the assigned
number of included dampers. For example, placement
pattern code (2, 3) means that only MR dampers 2 and 3
are used (see figure 3 for MR dampers’ assigned num-
bers). For more illustration, placement patterns are divided
into three main categories namely, category “A” including
patterns with only one MR damper (three patterns), cate-
gory “B” including patterns with only two MR dampers
(three patterns) and category “C” including patterns with
three MR dampers (one pattern).

Table II shows all earthquakes that are used in testing
the proposed strategies. These earthquakes are chosen to
be of variable magnitudes such that the effect of proposed
controllers under both low and high-magnitude earth-
quakes is properly investigated. The earthquakes are cho-
sen such that they are of different properties and frequen-
cies in order to ensure wide range of earthquakes to be
used in testing. Figure 4 shows an example of one of the
used earthquake time histories, i.e., Kobe Earthquake.

Voltage

Velocity

Displacement

Figure 2. Sample rule base of one of the three parallel fuzzy control-
lers.
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Figure 3. MR dampers' numbering

V. VALIDATING EARTHQUAKES

TABLE L.
MR DAMPERS' PLACEMENT PATTERNS
Placement | Placement |V} Pamp-| MR Damp- |, Damper
er 1 be- er 2 be-
Pattern Pattern . 3 between
. tween tween First
Placement | Assigned Second and
Categor Code  |Ground andjand Second |y g gy
gory ode First Floor Floors
Placed Not Placed | Not Placed
A 2 Not Placed Placed Not Placed
3 Not Placed | Not Placed Placed
1,2 Placed Placed Not Placed
B 1,3 Placed Not Placed Placed
23 Not Placed Placed Placed
C 1,2,3 Placed Placed Placed
TABLE II.
EARTHQUAKES USED IN VALIDATION OF PROPOSED CONTROLLERS
# Name Location Year of Oc- | Magnitude
currence M,)
1 Kobe Japan 1995 6.9
2 Kern Country USA 1952 7.3
3 El-Centro USA-Mexico 1940 6.9
4 Trinidad USA 1983 3.2
5 Northridge USA 1994 6.7
6 San Fernando USA 1971 6.6
7 Lander USA 1992 7.3
8 Caldiran Turkey 1976 7.3
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Figure 4. Kobe Earthquake time history
47



PAPER
OPTIMUM ALLOCATION OF MR DAMPERS WITHIN SEMI-ACTIVE CONTROL STRATEGIES OF THREE-DEGREE-OF-FREE...

VL

The selected earthquake records were employed in test-
ing all proposed MR damper placement patterns.

Based on tables 3 & 4, which give controlled response
values relative to uncontrolled ones, it can be concluded
that:

1. For category A, pattern “1” gives the lowest con-
trolled response with an average displacement = 0.24
relative to uncontrolled displacement and average ac-
celeration = 0.23 relative to uncontrolled accelera-
tion.

2. For category B, pattern “1,2” gives the lowest con-
trolled response with an average displacement = 0.21
relative to uncontrolled displacement and average ac-
celeration = 0.16 relative to uncontrolled accelera-
tion.

3. Category C has only one pattern (1, 2, 3); this pattern
gives the lowest controlled response among all pat-
terns with an average displacement = 0.20 relative to
uncontrolled displacement and average acceleration
= 0.15 relative to uncontrolled acceleration.

RESULTS AND DISCUSSION

Based on these conclusions, it is found that placing the
three MR dampers such that one damper is placed be-
tween each two floors gives the best structural response.
The best option for using two dampers is to place the first
one between ground and first floor and the second one
between first and second floors. The best option for using
one MR damper is to place it between ground and first
floor. Based on results obtained for each of these previous
options, it can be concluded that using two dampers does
not result in doubling structural response reduction (as
opposed to what may be initially expected); the same is
true for using three MR dampers instead of one MR
damper. Therefore, it can be recommended to use only
one MR damper between ground and first floor as an
optimum solution to structural response control; this is
true in case the obtained reduction in structural response is
acceptable.

Figures 5 to 8 show examples of the results obtained
when testing under other earthquakes. It is found that
individual results are consistent with average values.

TABLE III.
DISPLACEMENT COMPARISONS (RELATIVE TO UNCONTROLLED RESPONSE) BETWEEN DIFFERENT PLACEMENT PATTERNS
Earthquake ID (refer to table 2)
Category Pattern Average
1 2 3 4 5 6 7 8
1 0.27 0.20 0.11 0.11 0.56 0.24 0.25 0.21 0.24
A 2 0.35 0.37 0.25 0.19 0.66 0.42 0.40 0.37 0.38
0.47 0.60 0.46 0.29 0.79 0.62 0.53 0.52 0.54
1,2 0.24 0.15 0.09 0.09 0.54 0.20 0.19 0.14 0.21
B 2,3 0.33 0.31 0.21 0.17 0.63 0.36 0.37 0.34 0.34
1,3 0.25 0.18 0.10 0.10 0.55 0.23 0.23 0.18 0.23
C 1,23 0.24 0.15 0.09 0.08 0.53 0.19 0.18 0.13 0.20
TABLE IV.
ACCELERATION COMPARISONS (RELATIVE TO UNCONTROLLED RESPONSE) BETWEEN DIFFERENT PLACEMENT PATTERNS
Earthquake ID (refer to table 2)
Category Pattern Average
1 2 3 4 5 6 7 8
1 0.14 0.23 0.10 0.10 0.44 0.24 0.33 0.28 0.23
A 2 0.24 0.40 0.27 0.16 0.56 0.40 0.45 0.44 0.37
3 0.39 0.61 0.48 0.26 0.73 0.61 0.55 0.54 0.52
1,2 0.09 0.14 0.05 0.07 0.39 0.19 0.24 0.15 0.16
B 2,3 0.20 0.32 0.22 0.15 0.51 0.34 0.41 0.41 0.32
1,3 0.11 0.18 0.08 0.09 0.41 0.21 0.30 0.22 0.20
C 1,23 0.08 0.11 0.05 0.06 0.37 0.17 0.20 0.13 0.15
0.6 0.45
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Figure 5. Comparing controlled and uncontrolled displacement at

different floors for different dampers’ arrangements under Kobe Earth-
quake.

48

Figure 6. Comparing controlled and uncontrolled acceleration at
different floors for different dampers’ arrangements under Kobe Earth-
quake
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Figure 7. Comparing controlled and uncontrolled displacement at
different floors for different dampers’ arrangements under Kern Country
Earthquake.

VII. SUMMARY AND CONCLUSION

Fuzzy-controlled MR dampers are considered one of
the promising techniques that can be used in structural
response control. Much research was done to investigate
the possibility of using this technique and to evaluate its
efficiency in structural response reduction. Most of the
research done in this area was focused on single-degree-
of-freedom systems and specific damper configurations
for MDOF systems. In this paper, the use of multiple MR
dampers to control the response of a three-degree-of-
freedom benchmark problem is investigated.

In this paper, a comparative analysis was conducted to
investigate the optimum location for placing the lowest
possible number of fuzzy-controlled MR dampers in a
given benchmark problem in order to produce acceptable
structural response. All possible placement patterns were
investigated for this benchmark problem. It was found that
using only one MR damper, placed between ground and
first floor, can result in an acceptable behaviour for a
3DOF system. The increase of the number of MR dampers
did not result into much reduction. This work is expected
to be generalized in order to develop a generic allocation
algorithm capable of identifying the optimum number and
location of fuzzy-controlled MR dampers for different
DOF systems.
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